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ABSTRACT Numerous lines of evidence indicate that
calcium signaling is essential for nerve growth factor (NGF)-
directed neuronal cell differentiation. We report here that
blocking production of the plasma membrane Ca?*-ATPase
isoform 1 (PMCAL1) in PC6 cells with antisense RNA impairs
their ability to extend normal neurites in response to NGF.
This result does not appear to be due to loss in NGF signaling
as NGF-dependent tyrosine phosphorylation of erkl and erk2,
as well as expression of the NGF-inducible immediate early
gene, NGFI-A, was observed in these cells. Resting cytosolic
calcium levels did not appear to be altered in the antisense
transfectants and release of calcium from internal bradyki-
nin-sensitive calcium pools was unchanged. However, the rate
of removal of free cytosolic calcium following this release was
reduced in the antisense-transfected cells compared with
controls. It is concluded that PMCAL is involved in neurite
extension and/or stabilization either through moderation of
local calcium levels, or by some other mechanism.

The process of neurite extension, whether axonal or dendritic,
is essential in forming synaptic connections. The fact that the
divalent cation, Ca®*, is central to this process is now well
established (1-5). However, the exact mechanisms underlying
this phenomenon are not known. Calcium has been proposed
to exert effects during neurite extension by altering the poly-
merization/depolymerization of microtubules (6) and actin
fibers (4). Calcium also has been shown to be involved in
regulating the expression of immediate early genes involved in
neuronal function (7, 8). Therefore, proper regulation of
cytosolic calcium in both the neuronal cell body and in the
axonal or dendritic shaft is essential for proper neuritic growth.

One of the major proteins involved in regulating calcium
levels in the cell is the plasma membrane Ca?*-ATPase
(PMCA). In mammals, this is actually a family of enzymes
encoded by four genes designated PMCA1-4. The primary
RNA transcript from each gene can be alternately spliced to
encode PMCA isoforms that differ primarily in their regula-
tory regions. To date, at least 25 different mRNAs encoding
PMCAs have been reported in mammals (for review, see ref.
9) and each mRNA has a unique tissue distribution suggesting
specific functions for each isoform of the pump (10, 11).
PMCAI1b and 4b are present in most, if not all, mammalian cell
types. Other isoforms derived from these genes by alternative
splicing, as well as multiple products from the PMCA2 and 3
genes, are expressed predominately in excitable tissues, sug-
gesting that they may play essential, specific roles in these
physiological settings. This is further suggested by the obser-
vation that the expression of specific isoforms is highly regu-
lated during brain (12) and muscle (13) development.

The traditional approach for determining the specific phys-
iological functions of different forms of ion translocases [in-
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cluding Ca?"-channels, the Na*/K"-ATPase, and the sarcol
endoplasmic reticulum Ca?* ATPase (SERCA) family of
calcium pumps] has been to use specific pharmacological
inhibitors of their activities. Unfortunately, no well-
characterized, truly specific inhibitors of the plasma membrane
calcium pumps have been identified to date. Therefore, we
have utilized genetic manipulation of expression in the pheo-
chromocytoma cell line PC6 to gain insight into possible
specific physiological roles of PMCAL1 isoforms in neuronal
function. PC6 cells, a subline of PC-12, produce and release
neurotransmitters and undergo extensive neurite formation in
response to growth factors including nerve growth factor
(NGF). We demonstrate here that blockade of PMCA1 ex-
pression with antisense methods impairs NGF-dependent neu-
rite extension in PC6 cells without affecting downstream
biochemical markers of NGF response, gross cell morphology,
and growth or resting cytosolic calcium levels.

MATERIALS AND METHODS

General Methods. Cell culture. The cell line used in these
experiments was the pheochromocytoma cell line PC6. PC6 is
a subline of PC-12 cells which produces neurites in response to
NGF but grows as well-isolated cells rather than in clumps. The
PC6 line used in these studies was the parental line described
by Pittman et al. (14) (the generous gift of Kate Ivins,
University of California, Irvine). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma) con-
taining 10% horse serum, 5% fetal bovine serum, 100 units/ml
penicillin, and 100 pug/ml streptomycin (GIBCO/BRL). Cells
were grown in humidified 5% CO,/95% air on standard plastic
tissue culture dishes (Falcon) with no additional substrate.
After stably transfected cell lines were established (vida infra),
all experiments were performed without G418 (GIBCO/
BRL) in the media. However, cell lines were tested periodically
for continued resistance to G418.

RNA extraction. RNA was extracted from cells at ~80%
confluence. Cultures were washed twice with ice-cold Dul-
becco’s modified PBS (DPBS; Sigma) then scraped into 1 ml
ice-cold DPBS and centrifuged at 12,000 X g for 30 sec at 4°C.
The RNA in the cell pellets was isolated using a micro-isolation
system from GIBCO/BRL.

Specific Methods. Establishment of PC6 cell lines stably
transfected with sense and antisense mRNA producing constructs.
PC6 cell lines that stably expressed sense or antisense RNA
derived from a 446-nt region of the 5’ end of the human
PMCA1 mRNA were established using the constructs shown
in Fig. 14. The 5’ end of hPMCAL1 was obtained by using
reverse transcriptase-coupled PCR (RT-PCR) performed on
human fibroblast (WI-38) RNA. The oligonucleotide primers

Abbreviations: NGF, nerve growth factor; RT-PCR, reverse tran-
scriptase-coupled PCR; PMCA, plasma membrane Ca?*-ATPase;
RSV, Rouse sarcoma virus.
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used in the RT-PCR were as follows: oligonucleotide 1,
5'-ATTCTTTCCAAACACTGCTTCTCT-3'; and oligonu-
cleotide 2, 5'-AACCGCGGCCAAAGGTCAAGATACTTC-
TCTG-3’. PCR conditions were as follows: 94°C, 1 min; 60°C,
2 min; 72°C, 3 min for 40 cycles. The PCR product was ligated
in the Smal site of pUCI18 and sequenced to verify integrity
and determine orientation in the vector. The PMCAL1 5’ end
was then cloned as a Kpnl/Xbal fragment behind the Rouse
sarcoma virus (RSV) promoter of the plasmid pRSV9 (for
antisense RNA production) or pRSV14 (for sense RNA). A
third plasmid which contained the G418 resistance gene
behind the RSV promoter (pRSVneo) was cotransfected with
either the sense or the antisense construct. Cells were trans-
fected using Lipofectin (GIBCO/BRL) following the manu-
facturer’s suggested protocol. Two micrograms of pRSVneo
and 16 pg of the pRSV9-PMCAI1-5'E or pRSV14-PMCAL-
5'E were cotransfected into PC6 cells plated at ~70% con-
fluence in a 10-cm plate. Drug resistant cells were selected
with 800 ug/ml G418.

G418-resistant cells were assayed for RSV promoter-
directed synthesis of PMCAIl sense and antisense RNAs.
RT-PCR using oligonucleotide 1 or 2 with a primer within
transcribed RSV sequences (oligonucleotide R, 5'-ATTG-
GACGAACCACTGAATTC-3") allowed detection of specific
sense or antisense RNAs as described in Results. The PCR
conditions for these experiments were as follows: 94°C, 1 min;
60°C, 1 min; 72°C, 1 min for 35 cycles.

Immunoassay of PMCAI content of transfected cells. PMCA1
protein content was determined by using a polyclonal antibody
raised against the amino terminus of human PMCAIl and
which reacts with rat PMCAL isoforms (ref. 15; the generous
gift of Ernesto Carafoli).

Cell extracts were prepared for PMCA1 determinations as
follows. Eight 15-cm plates of each cell line (=80% conflu-
ence) were washed twice with PBS, cells were collected in 5 ml
PBS, and pelleted by centrifugation at 500 X g at 4°C for 5 min.
Twenty times the cell pellet volume of 10 mM Tris (pH 7.8)
containing 1 pg/ml leupeptin and pepstatin A, 1 mM phenyl-
methylsulfonyl fluoride and 0.1 trypsin inhibitory unit apro-
tinin (all from Sigma) was added to each pellet and the samples
were incubated for 15 min on ice. The samples were then
Dounce homogenized on ice, and membranes were collected
by centrifugation at 100,000 X g for 1 hr.

The membrane pellets were each suspended in a buffer
containing 20 mM Tris (pH 7.8), 130 mM NaCl, 1 mM MgCl,,
0.1 mM CaCly, 0.4% Triton X-100, and protease inhibitors and
the detergent solubilized fraction was recovered after centrif-
ugation at 1000 X g at 4°C for 5 min. Protein content of this
soluble fraction was determined and calmodulin-binding pro-
teins, which include PMCAs, from 18 mg of total membrane
protein from each sample were isolated by chromatography on
calmodulin-agarose essentially as described (16). The EGTA
eluants were loaded on a 7.5% SDS/polyacrylamide gel and
immunoblotted with anti-PMCA1 antiserum diluted 1:1000
followed by alkaline phosphatase-coupled goat anti-rabbit IgG
and color development with nitroblue tetrazolium and 5-bro-
mo-4-chloro-3-indolylphosphate (BCIP) (17).

Immunoassay of total PMCA content of transfected cells. Total
PMCA protein content was determined by using a polyclonal
antibody raised against a synthetic peptide based on the PMCA
calmodulin binding domain identified by James et al. (18). The
peptide sequence chosen was ELRRGQILWFRGLNR, which
is conserved in all species and isoforms of the PMCA examined
thus far. The peptide was coupled to keyhole limpet hemocy-
anin at a 3:1 mass ratio in 0.1% glutaraldehyde as described
previously (17) and injected subcutaneously into New Zealand
White rabbits as described (19). Peptide-specific antibodies
were purified by immunoaffinity chromatography on peptide-
Sepharose prepared by coupling the peptide to cyanogen
bromide-activated Sepharose 4B (19).
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Cell extracts were prepared for PMCA determinations as
follows. One 10-cm plate of each cell line (=80% confluence)
was washed twice with ice-cold PBS, then cells were collected
by scraping into 1 ml PBS followed by centrifugation at
12,000 X g at 4°C for 5 min. To each cell pellet was added 0.5
ml of 10 mM Tris, 10 mM EDTA (pH 7.5) containing 1% SDS,
and the samples were sonicated on ice for 30 s. One-half
microgram of protein from each sample was spotted onto a
nitrocellulose filter. The filter was blocked in PBS containing
5% (wt/vol) milk powder and 0.1% (vol/vol) Triton X-100 for
1 hr. Fifty micrograms of affinity-purified primary antibody
was added to 10 ml of blocking solution which was then
incubated with the filter for 2 hr. The filter was washed four
times with PBS, then 10° dpm of ZI-labeled donkey anti-
rabbit IgG secondary antibody (Amersham) in 10 ml blocking
solution was added, and incubation performed for 2 hr at room
temperature. The filter was washed four times in PBS, air
dried, and placed on x-ray film overnight. After development
of the film, the corresponding spots on the nitrocellulose filter
were cut out and '>I quantified in a y counter. The amount of
PMCA in the samples was determined by comparison with a
standard curve prepared by using known amounts of purified
human erythrocyte PMCA processed in the same manner and
at the same time as the experimental samples.

Measurement of Ca’* removal from transfected PC6 cells.
Free cytosolic calcium was measured by using cells scrape-
loaded with aequorin as the calcium indicator. All protocols
were as described by Newcomb ef al. (20), expect that cells
were not serum starved, but instead were incubated overnight
in DMEM (without phenol red) containing 10% horse serum
and 5% fetal bovine serum after plating in the Sykes—-Moore
chamber. Studies of removal of cytosolic calcium from brady-
kinin-induced internal release were conducted in calcium-free
medium to prevent capacitative calcium entry, thereby allow-
ing only the removal kinetics to be observed. After recovering
overnight from the scrape-loading procedure, the cells were
placed in a luminometer, washed with serum- and calcium-free
DMEM then treated with 100 nM bradykinin in serum- and
calcium-free DMEM.

NGEF responsiveness of stably transfected PC6 cell lines. The
ability of sense or antisense PMCA1 RNA expressing cells to
extend neurites was assessed in the presence of 100 ng/ml 2.5S
murine NGF (Promega). Medium and NGF were changed
every 3 days. Six days after NGF addition, random fields of
cells were photographed, and neurite lengths were deter-
mined. Neurite lengths were measured in cell body diameters
of the cell from which the neurite was derived. When a neurite
was branched, only the longest branch was scored. Processes
were only considered neurites if they were greater than two cell
bodies in length and had a well-defined growth cone as
described by Wu and Bradshaw (21).

Northern blot detection of NGFI-A mRNA. Cells were treated
with 100 ng/ml 2.5S NGF for 1 hr at 37°C, and RNA was
harvested as described under General Methods. Ten micro-
grams of total cellular RNA was resolved on a 1% agarose gel
in formaldehyde-Mops buffer (22). The RNA was transferred
to a nitrocellulose membrane (Micron Separations Inc., West-
boro, MA) by capillary action and fixed by baking at 80°C in
vacuo (22). The blot was blocked and hybridized at 42°C
overnight with a cDNA probe to NGFI-A [kindly provided by
Ralph Bradshaw (University of California, Irvine) and by
Thomas Soderling (Oregon Health Sciences University)] that
had been randomly labeled with [3?P]JdCTP. The hybridized
blot was washed two times for Smin at room temperature in 2X
standard saline citrate (SSC)/0.1% SDS and once in 1X
SSC/0.1% SDS at 42°C for 15 min then placed on XAR-5 x-ray
film (Kodak) at —70°C with two intensifying screens for 18 hr.

Determination of tyrosine phosphorylated proteins in NGF-
treated and untreated cells. Cells were grown to 70-80%
confluence in 10-cm culture dishes with DMEM containing
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5% fetal bovine serum and 10% horse serum. They were then
placed in DMEM containing 1% horse serum for 24 hr at
which point NGF was added to a final concentration of 100
ng/ml. An equal volume of vehicle (PBS) alone was used for
controls. Cells were then incubated for 5 min at 37°C and
harvested. The medium was removed, the cells washed twice
with room temperature PBS, and lysed in RIPA buffer (ref. 17;
0.15 mM NaCl/0.05 mM TrissHCI, pH 7.2/1% Triton
X-100/1% sodium deoxycholate/0.1% SDS) containing 1 mM
sodium orthovanadate (Sigma), 1 mM phenylmethylsulfonyl
fluoride, and 30 trypsin inhibitary units of aprotinin. The
protein concentration of each sample was determined by the
Bradford dye binding method (23) and 100 ug of protein was
resolved on a 10% SDS/polyacrylamide gel and electroblotted
to a nitrocellulose membrane. The immunoblot was incubated
with the antiphosphotyrosine antibody, RC20, directly coupled
to horseradish peroxidase (Transduction Laboratories, Lex-
ington, KY) and phosphotyrosine containing proteins were
detected by enhanced chemilumenescence (Amersham). The
blot was stripped of primary antibody by incubation in 0.1 M
2-mercaptoethanol, 2% SDS, and 62.5 mM Tris (pH 6.7) at
50°C for 30 min. After stripping, the blot was reprobed with an
antibody specific for erkl and erk2 coupled to horseradish
peroxidase (MK12; Transduction Laboratories).

RESULTS

Characterization of PMCA Expression in Wild-Type, Sense,
and Antisense Transfected PC6 Cells. The sense and antisense
plasmids shown in Fig. 14 produced RNAs that contained the
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Fi6.1. (A) Maps of plasmids and PCR primers used in this report.
Arrows point in the direction of transcription of the wild-type PMCA1
gene. The approximate position of the initiation codon is indicated by
“AUG,” which is at position 182 in the human PMCA1 mRNA. The
fragment contains 181 bp of 5'-untranslated sequence and 265 bp of
coding sequence. (B) Western blot of PMCAL isoforms in PC6 cells
and transfectants. Partially purified calmodulin-binding proteins from
membrane preparations of PC6 cells and transfectants expressing
PMCAL1 antisense RNA (RSV9-2, RSV9-9) or sense RNA (RSV14-2,
RSV14-4) was resolved on a 7.5% SDS/PAGE and transferred to an
Immobilon membrane. The blot was probed with an antibody that
recognizes all PMCAL1 isoforms (designated PMCAIN; ref. 15).
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first 446 nt of the human PMCA1 mRNA and a simian virus
40 3'-untranslated region that included a polyadenylylation
signal and an RNA splice site. This region of PMCA1 has no
homology with the mammalian PMCA isoforms PMCA?2, 3,
and 4. However, the human and rat PMCA1 sequences are
94% identical over this region. The PMCA isoforms expressed
in undifferentiated PC6 cells are PMCAI1b, 4b, and some form
of PMCAZ2 which has not been clearly established (unpub-
lished observation).

Cells cotransfected with a plasmid containing the G418-
resistance gene (pRSVneo) and with either the sense or
antisense RNA producing constructs were selected for stable
integration by resistance to G418. Two G418-resistant clones
from the putative antisense (RSV9-2 and RSV9-9) and two
from the sense (RSV14-2 and RSV14-4) transfectants were
chosen for more thorough characterization. RT-PCR analysis
showed that these four cell lines expressed the appropriate
antisense or sense RNA transcribed from the RSV promoter
of the transfected plasmid (data not shown).

The PMCAL contents of the wild type, sense and antisense
transfected PC6 cells were determined by specific immuno-
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Fi1G. 2. Bradykinin-induced calcium flux measurements in wild-
type and transfected PC6 cells. Cells were scrape-loaded with aequorin
and allowed to attach overnight to the surface of the Sykes-Moore
chambers. The cells were then placed in a luminometer and changed
into calcium- and serum-free medium; bradykinin (100 nM) was
applied and the luminescence was monitored. (Upper) The calcium
transients measured for each cell line. (Lower) A semilog plot of the
rate of Ca?* removal for each of the cell lines between 90 and 100 sec).
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blotting assays. As shown in Fig. 1B, PMCA1 was undetectable
with a specific anti-PMCAL1 antibody in an immunoblot of
extracts from PMCA1 antisense expressing cell lines (RSV9-2
and RSV9-9). However, identically prepared samples of PC6
and sense controls (RSV14-2 and RSV14-4) yielded bands of
comparable intensities in the immunoblot at the expected
molecular weight of ~135 kDa.

Total PMCA content in cells was determined using a
polyclonal antibody raised against a synthetic peptide corre-
sponding to the calmodulin-binding domain which is identical
in all isoforms of the PMCA examined to date. Total PMCA
content was reduced in the two PMCA1 antisense cell lines
(RSV9-2 and RSV9-9) by about 37% relative to the average of
the control cell lines. The remaining 63% of the PMCA was
presumably due to the PMCA2 and 4 isoforms expressed in
these cells since PMCA1 was not detectable.

In vivo functional assays provided further evidence for
detectable reduction of PMCA content in the antisense trans-
fected PC6 cells. Fig. 2 shows assays of calcium fluxes in control
and antisense transfected PC6 cells by aequorin biolumines-
cence. As can be seen in Fig 2 Upper, addition of bradykinin
(at 80 sec), which causes release of calcium from internal stores
via an IP3;-dependent mechanism, led to a rapid rise in the
cytosolic-free calcium which was indistinguishable in both rate
of increase and amplitude in all cell lines. Removal of free
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RSV14-4
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calcium was also very rapid following peak response. However,
while the sense-transfected (RSV14-2) and wild-type (PC6)
cells showed identical removal rates, calcium removal was
detectably slower in the antisense transfectant (RSV9-2). This
is better illustrated by the plot of pCa as a function of time
taken from the descending portions of the flux curves (Fig. 2
Lower). The apparent rates of calcium removal for the wild-
type (@) and sense-transfected (A) PC6 cells were estimated to
be 4.0 uM/sec from these plots as compared with 2.8 uM/sec
for the antisense transfected cells.

Effects of PMCA1 Antisense RNA on NGF-Induced Neurite
Extension. Owing to evidence linking neurite proliferation and
calcium fluxes, we decided to examine NGF-dependent neu-
rite outgrowth in control and PMCAL1 antisense-transfected
PC6 cells. The standard definition of a neurite in responding
pheochromocytoma cells is a process of two cell body diam-
eters in length or longer and possessing a well-defined growth
cone (21). No gross differences were noted in the growth
characteristics or morphology of the undifferentiated anti-
sense and control cell lines and none produced significant
neuritic processes as shown in Fig. 34 Left (—NGF). After
treatment with NGF for 6 days (Fig. 34 Right, +NGF), the
parental PC6 and sense transfected cell lines (RSV14-2,
RSV14-4) produced numerous processes clearly identifiable as
neurites by their length and the presence of growth cones. In
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F1G6.3. (A) NGF responsiveness of PC6 cells. Two PMCA1 antisense RNA expressing transfectants (RSV9-2, RSV9-9) and two PMCALI sense
RNA expressing control transfectants (RSV14-2, RSV14-4) were plated on standard tissue culture plastic and allowed to attach overnight. After
attachment, fresh medium containing 100 ng/ml 2.5S murine NGF was added and the cells were allowed to continue in culture. The medium, with
fresh NGF, was changed every 3 days. Cells were photographed on day 6. (B) Quantitation of neurite length in PMCAL1 antisense expressing cells
and controls. the length of neurites on cells in A was determined. Length was expressed in cell body diameters of the cell to which the neurite was
attached. Length was only measured for neurites that remained in the frame of the picture and whose attachment to a cell could be clearly seen.

For branched neurites only the longest branch was scored.
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contrast, the antisense transfectants, RSV9-2 and RSV9-9,
produced far fewer processes that could be clearly identified as
neurites. The histograms in Fig. 3B show the population of
neurite lengths observed for these cell lines with or without
NGF treatment. The antisense transfectant RSV9-2 produced
almost no neurites. The other antisense transfectant, RSV9-9,
did appear to produce some neurite-like processes in response
to NGF. However, most of these were less than two cell
diameters in length. The actual photograph of these cells (Fig.
3A) reveals that many of these processes were abnormal in
shape and lacked defined growth cones. In contrast, the
majority of the processes produced by control cell lines had
growth cones and were of lengths greater than 2 cell diameters.
Indeed, a significant number were greater than 9 cell diame-
ters—far longer than any processes produced by the antisense
cell lines.

If one uses the dual criteria of at least 2 cell diameters in
length and presence of defined growth cones to identify
neurites, the percentage of cells producing neurites in response
to NGF for cach cell line was as follows: RSV9-2, 3.4%;
RSV9-9, 17.2%; and RSV14-2, RSV14-4, and PC6, all 100%.
Clearly, by these measures, the PMCA1 antisense transfected
PC6 cells have an impaired ability to produce and/or extend
neurites in response to NGF.

Determination of NGF Receptor Functionality. A number of
criteria were used to demonstrate that the NGF signaling
pathway was intact in the PMCAL1 antisense transfected cell
lines used here. Initially, NGF-dependent tyrosine phosphor-
ylation of proteins in the NGF signaling pathway was exam-
ined. Stimulation of NGF receptor has been shown to lead to
phosphorylation of the 42-kDa erk-1 and 40-kDa erk-2 pro-
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Fi6.4. (4) NGF-mediated protein tyrosine phosphorylation. Cells
were treated for 5 min with 100 ng/ml 2.5S murine NGF or vehicle
(PBS), lysed, resolved on a 10% polyacrylamide gel, transferred to a
nitrocellulose membrane, and probed with an antiphosphotyrosine
antibody (RC20). The NGF-induced P-Tyr containing bands indicated
by arrowheads correspond to erkl (upper arrowhead) and erk2 (lower
arrowhead) based on relative molecular weights and reprobing with
erkl- and 2-specific antibodies (Lower). (B) NGF-mediated NGFI-A
gene induction. Cells were treated with 100 ng/ml 2.5S murine NGF
or vehicle (PBS) for 1 hr. The RNA was harvested, resolved on a
formaldehyde agarose gel, blotted to a nitrocellulose membrane, and
probed with a radiolabeled NGFI-A cDNA. An apparent decrease in
material going from left to right on the autoradiogram is actually due
to uneven transfer of the gel as can be judged by a concomitant
decrease in background signal. The efficiency of transfer does not
affect the conclusions drawn from the data.
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teins (24). Western blots of NGF-stimulated or unstimulated
cells probed with an antiphosphotyrosine antibody, showed
that induction of phosphorylation of two proteins with these
relative molecular weights (Fig. 44; arrowheads) occurred in
antisense cell lines (Upper) in response to NGF. Reprobing of
the blot with specific antibodies showed these bands to be erkl
and erk2 (Lower).

To further assess NGF receptor function, we assayed induc-
tion of transcription of the immediate early gene NGFI-A (25).
Fig. 4B shows a Northern blot of NGFI-A mRNA from the two
antisense RNA producing cell lines, the two sense control lines
and wild type PC6 cells. The production of NGFI-A mRNA
was still inducible to approximately the same levels with NGF
in all cell lines, demonstrating that events many steps down-
stream from NGF binding to its receptor still function in the
antisense cell lines. In addition, this latter point is significant
since expression of this gene can be controlled by calcium-
dependent enzymes acting through CREB (7, 8), and there was
no background expression in the absence of NGF in the
antisense transfectants. Thus, NGFI-A transcription could be
stimulated by elevated basal calcium levels resulting from the
lack of PMCAL.

DISCUSSION

Calcium may act through any of several different pathways to
effect the process of neurite extension. It has been shown to be
involved in the expression of the NGF-induced immediate
early genes NGFI-A, NGFI-B, and c-fos through stimulation of
Ca?*/Celmodulin-dependent (CaM) kinases and calcineurin
which affect the phosphorylation state of cAMP response
element binding protein (CREB) (7, 8). Further, induction of
CREB-dependent transcription apparently can be controlled
solely by changes in calcium entering at the plasma membrane
(8). Neurite extension (postinitiation) is also regulated by
calcium through the actions of the cell adhesion molecules L1
(5), neural cell adhesion molecule (NCAM), and N-cadherin
(3). These three cell adhesion molecules are associated with L-
and N-type calcium channels that open when they bind ho-
momeric molecules either on artificial substrates or on other
cells (3, 5). The calcium influx associated with these cell
adhesion molecules is essential for neurite extension based on
the fact that buffering of cytosolic calcium with the calcium
chelator, 7,2 bis(2-aminophenoxy)ethane-N,N,N',N'-tetraac-
etate (BAPTA), removal of extracellular calcium or antago-
nism of L- and N-type calcium channels all result in a loss of
neurite growth (3, 5). Calcium also affects the stability of
microtubules in developed neurites since elevation of calcium
concentrations by addition of hydrogen peroxide (26) or direct
application of the calcium ionophore A23187 (4) leads to
microtubule disassembly and neurite collapse. Calcium levels
also affect lamellepodial and filopodial movement in hip-
pocampal neurons, presumably by affecting microfilament
polymerization/depolymerization (4).

Here we report that expression of the PMCAL isoform of the
PMCA:s is also involved in normal neurite extension. Whether
the loss of neurite extension in cells lacking PMCA1 results
directly from its absence or indirectly by some unknown
mechanism, it is clear that early events in NGF-mediated
differentiation are not detectably altered. Fig. 44 shows that
NGF-dependence of tyrosine phosphorylation of the second
messenger associated proteins erkl and erk2 (24) is the same
in antisense and control cell lines. Additional downstream
events required for NGF-dependent transcription of the NGF-
inducible immediate early gene, NGFI-A, are also intact (Fig.
4B). Resting calcium levels do not appear to be drastically
altered in cells when PMCAL expression is blocked (Fig. 2),
nor are there any obvious morphological changes (Fig. 34) or
changes in growth rate (data not shown).
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PC6 cells in which PMCAL1 expression is blocked do not
appear to attach as efficiently to substrates as control cell lines
(P.C.B, J.E.S,, and T.C.V., unpublished data). Previous stud-
ies have indicated that integrins are directly involved in
attachment of pheochromocytoma cells and are required for
developing processes to the surrounding extracellular matrix
(27, 28). PC12 cells, the parental line from which PC6 was
derived, use two major integrins dimers, a1,81 and 3,81 (29).
a1,B1 integrin binds primarily to collagens and 3,81 integrins
are involved in binding to laminin (27). Turner et al. (28) have
shown that o1 integrin is required for NGF-dependent exten-
sion of neurites. Preliminary studies in our laboratory indicate
that expression of «l integrin is greatly reduced in PMCA1
antisense cells (P.C.B., J.E.S., and T.C.V., unpublished data).
Therefore, loss of neurite extension associated with loss of
PMCA1 may well be due to the decreased attachment effi-
ciency of cells to the extracellular matrix.

Marks et al. (30) have shown that attachment to the extra-
cellular matrix proteins, fibronectin or vitronectin, make neu-
trophils more sensitive to cytosolic calcium concentrations.
They concluded that calcium transients are necessary for
modulating affinity of integrins for their substrates and loss of
these calcium transients prevents release of the cell from the
substrate. This conclusion is consistent with recent work
showing that the calcium-binding protein, calreticulin, stabi-
lizes the high affinity state by binding to the KXGFFKR
sequence of a integrins (31). PMCA1 could be involved in
formation of these calcium transients.

The role of PM Ca?"-ATPase in neurite production seen
here may reflect processes underlying formation of prepro-
grammed neural circuits in development. The production of
afferents from one brain region to another is temporally and
spatially programmed. Also, directed axonal movement in
development is dependent on contact with specific cells along
a path (guidepost cells). The growth cone—guidepost cell
interactions are mediated by several classes of molecules
(NCAM, N-cadherins, L1, and integrins) that are coupled to
Ca?" channels which allow calcium entry when correct cou-
pling with a corresponding molecule on another cell is made
(3, 5). We have previously shown the expression of specific
isoforms of the PMCAs are developmentally regulated in
different regions of the rat brain (12) and in myocytes (13). It
is interesting to speculate that the expression of specific PMCA
isoforms at programmed times may provide components nec-
essary for regulation of movement and/or specific neurite
proliferation during development of the nervous system.
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